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(67)  This invention relates to ultrafast lasers for ob-
taining femtosecond light pulses with durations less than
100fs and energies up to one hundred millijoules. The
method comprises at least two optical parametric ampli-
fication (OPA) stages. Optically synchronized seed and
pump pulses are originated from a single primary laser
source emitting pulses of 1-3 ps. Formation of afirst seed
radiation comprises pulse stretching and spectral broad-
ening up to 10nm to 20nm of bandwidth, while formation
of a first pump radiation comprises amplification in a nar-
rowband (<1nm) quantum amplifier followed by second
harmonic generation. Formation of a second seed radi-
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Method for generation of femtosecond light pulses, and laser source thereof

ation comprises pulse compression and white light radi-
ation generation, while formation of a second pump ra-
diation comprises separation of a part of signal wave ra-
diation, amplified in the first OPA stage, pulse compres-
sion and second harmonic generation. In other embodi-
ment a third OPA stages is provided, wherein formation
of athird seed radiation comprises pulse stretching, while
a third pump radiation is formed in the same way as first
pump radiation. Femtosecond output pulses are ob-
tained by compressing pulses of signal wave radiation,
amplified in the final of OPA stages, down to duration of
5fs to 100fs.
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Description
Technical field to which invention relates

[0001] This invention is related to lasers, particularly
to ultrafast lasers, and is destined to obtain femtosecond
light pulses. More specifically, this invention is related to
methods and laser sources for generation of ultrashort
light pulses with durations less than 100fs and energies
up to one hundred millijoules.

[0002] This invention can be used for realization of
compact and cost-effective systems of optical parametric
chirped pulse amplification (OPCPA) featuring output ra-
diation required for world-leading scientific research,
medicine and industry.

Indication of the background art

[0003] In medical applications, such as micro-opera-
tions, femtosecond (fs) pulses have advantages over
longer pulses, because they do not have a destructive
impact on surrounding tissues. In microfabrication, fem-
tosecond pulses ensure better fabrication accuracy al-
most without affecting adjacent areas and achieve great-
er processing speed, which is very important in industry.
Pulses with a duration not exceeding 100fs and peak
power of more than several tens of gigawatts open up
new possibilities in science.

[0004] There are known sources of femtosecond light
pulses comprising a broadband active medium titanium-
sapphire (Ti:S) based oscillator followed by at least one
multipass power amplifier (as for example, is presented
in M.P.Kalashnikov et al., "Characterization of a nonlin-
ear filter for the front-end of a high contrast double-CPA
Ti:sapphire laser", Opt. Express 12, 5088-5097 (2004)),
or chirped pulse amplifier (US5720894 (Perry etal.)). The
broadband radiation of Ti:S active medium, which spans
from a long-wavelengths region of visible light up to near
infrared, ensures pulse duration from few to few tens of
femtoseconds, or alternatively offers possibilities for
wavelength tuning. Electromagnetic radiation from
700nm to 1000nm has many advantages in numerous
applications.

[0005] A drawback of Ti:S oscillators and amplifiers
lies in a fact that they are pumped by a second-harmonic
radiation of another solid-state laser or radiation of the
argon laser. Moreover, an effective cooling is necessary
due to thermal effects occurring inside the Ti:S active
medium. Ti:S based laser sources, especially amplifiers,
require temperature and mechanical stabilization equip-
ment assisted by electronic feedback loops in order to
ensure output pulse energy reproducibility and high
beam quality. Ti:S lasers are complex and cost-consum-
ing, while the overall electric-to-optical energy conver-
sion is low.

[0006] An alternative to the described Ti:S master os-
cillator-power amplifier systems (MOPAs) are systems
of optical parametric amplification. Herein, a broadband
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pulse of signal wave is amplified by a narrowband pump
pulse inside a nonlinear crystal of optical parametric am-
plification. Firstly, gain narrowing, which is a drawback
of quantum amplifiers, is avoided. Secondly, single-pass
gain of optical parametric amplification crystal may ex-
ceed 103, while thermal effects do not take place since
amplification of radiation occurs through nonlinear fre-
quency conversion without absorption. To attain milli-
joule-energy pulses, several parametric amplification
stages are necessary, while pulses have to be stretched
intime, i.e. chirped, prior to amplification. This is a known
technique of optical parametric chirped pulse amplifica-
tion (OPCPA). In OPCPA systems, Ti:S oscillators are
also widely used ensuring a broad spectral band for ul-
trashort initial pulse of signal wave (seed) to be formed
(see, US6775053 (Jovanovic et al.); R.T.Zinkstok et al.,
"High-power parametric amplification of 11.8-fs laser
pulses with carrier-envelope phase control", Opt. Lett.
30, 78-80 (2005); S. Witte et al., "Generation of few-cycle
terawatt light pulses using optical parametric chirped
pulse amplification", Opt. Express 13, 4903-4908 (2005);
N.Ishii et al., "Multimillijoule chirped parametric amplifi-
cation of few-cycle pulses," Opt. Lett. 30, 567-569 (2005);
S. Witte et al., "A source of 2 terawatt, 2.7 cycle laser
pulses based on non-collinear optical parametric chirped
pulse amplification”, Opt. Express 14, 8168-8177
(2006)). Additionally, a part of Ti:S radiation may be uti-
lised for pump-pulse source synchronization, i.e. syn-
chronization of pump pulse with the seed pulse
[W02006122709 (Ishii et al.); N.Ishii et al., "Seeding of
an eleven femtosecond optical parametric chirped pulse
amplifier and its Nd3+ picosecond pump laser from a
single broadband Ti:Sapphire oscillator," Sel.Tops.in
QE12,173-180 (2006); J.Rothhardt et al., "Compactfiber
amplifier pumped OPCPA system delivering Gigawatt
peak power 35 fs pulses", Opt. Express 17, 24130-24136
(2009); A.Harth et al., "Two-color pumped OPCPA sys-
tem emitting spectra spanning 1.5 octaves from VIS to
NIR", Opt. Express 20, 3076-3081 (2012)].

[0007] One of technical tasks that must to be solved in
OPCPA systems employing the Ti:S oscillator as a pri-
mary source is - what active medium of a pump-pulse
source has to be selected and how it is going to be syn-
chronized with said Ti:S oscillator. In principle, passive
(optical) synchronization, wherein a part of oscillator’s
radiation is utilised to seed the pump-pulse source, en-
sures small mutual jitter between seed and pump pulses
of the OPCPA system. This is the only way to achieve
high reproducibility of amplified pulses of signal wave.
However, stimulated emission maxima of most high-gain
active media are far from a peak of Ti:S luminescence
band. Nd-doped active media are good examples of me-
dia with high gain coefficient, also are thermally and me-
chanically stable, and therefore, may operate at high rep-
etition rates and in high-power regime. Nd:YAG and
Nd:YVO, are particularly suitable active media for high-
power amplifiers but are poorly compatible with Ti:S os-
cillators: Ti:S radiation has low energy at amplification
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peak (1064nm) of Nd:YAG and Nd:YVO,. Thus, direct
seeding of said Nd-doped media by Ti:S oscillators is
highly inefficient and frequently exhibits bright back-
ground of spontaneous emission.

[0008] Inan OPCPA system presented in the article of
Ishii et al. (2006), a pump pulse is amplified in Nd:YLF
amplifier with a subsequent frequency doubling in a sec-
ond-harmonic generator. A 1053nm spectral line for
Nd:YLF active medium is obtained directly from radiation
of an ultra-broadband Ti:S oscillator, which is also a
source of ultrashort pulse of initial signal wave (seed).
This solution ensures passive synchronization between
pulses of signal and pump waves, however, is energet-
ically inefficient due to low brightness of Ti:S radiation at
1053nm wavelength.

[0009] WO2006122709 (Ishii et al.) presents an
OPCPA system having a single primary laser source for
obtaining pulses of seed (initial signal wave) and pump
wave radiation, which comprises a mode-locked Ti:S os-
cillator. An ultrashort seed pulse coincides with an output
pulse of said Ti:S oscillator. A pulse destined to be a
pump pulse, which is amplified in a neodymium or ytter-
bium based solid-state amplifier (followed by a second-
harmonic generator), is obtained by spectrally shifting
the output pulse of Ti:S oscillator in a photonic crystal
fiber (PCF) to match spectral lines of Nd or Yb active
media. Technical difficulties encountered in the use of
PCF fibers comprise strict requirements for laser beam
pointing and energy stability. Spectral shifting caused by
nonlinear effects occurs only in case laser radiation hits
a fiber core, which is only a few microns in diameter.
Oscillator’s radiation coupling into the photonic crystal
fiber and keeping laser beam direction stable for a long
term is not an easy task. Another aspect - PCF fiber's
damage threshold is only slightly above the energy nec-
essary to cause nonlinearities. Therefore, it is necessary
to ensure high energy stability for nonlinear effects to
occur while not to damage the fiber.

[0010] The previously described systems of optical
parametric amplification, comprising Ti:S oscillator as the
single primary laser source, even without Ti:S amplifiers
and elements for spectral broadening (since Ti:S spectral
band ensures pulse durations of signal pulses of just a
few femtoseconds), are complex and expensive.
[0011] Inthe meantime, systems employing solid-state
lasers based on other broadband active media, such as
Yb:KGW or Yb:KYW, as well as Yb, Er, Yb/Er, Ho, Tm
fiber lasers, become popular. Major advantages of Yb-
doped active media - their absorption peak falls within a
spectral region of laser diodes; secondly, a broad spon-
taneous emission band enables to attain ultrashort pulse
duration. A possibility of diode-pumping allows for sub-
stantially smaller dimensions of laser system. Other ad-
vantages of Yb-doped active media are: low generation
threshold, high stimulated emission cross-section and
good thermal conductivity resulting in high average pow-
er of output radiation. This makes Yb-based solid-state
lasers significantly simpler, more reliable and cost-effec-
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tive as compared with Ti:S lasers.

[0012] Yb:KGW solid-state lasers achieve pulse dura-
tions in the range from 50fs up to few hundred femtosec-
onds, while a central wavelength is close to amplification
peak of Nd-doped active media. Energy, which is attained
with mode-locked oscillators based on Yb-doped crys-
talline active media, exceed 200nJ, while up to several
hundred microjoules are attained with oscillator-amplifier
systems. In order to obtain a wider tuning region, or for
pulse durations of down to 30fs, spectral broadening is
necessary. The most widely used solution - continuum
generation (also called white light generation) in solid-
state bulk crystals or photonic crystalfibers. Itis important
to note that conditions of continuum generation (which
takes place due to several nonlinear phenomena occur-
ring simultaneously) in said materials, as well as proper-
ties of the generated continuum radiation are different.
A threshold for continuum generation in PCF fibers is
much lower than in bulk crystal, and, therefore, even os-
cillator may provide pulse with sufficientenergy. The gen-
erated continuum at the output of PCF fiber, however, is
hardly compressible down to sub-100fs pulse durations
(i.e. dephasing of spectral components cannot be com-
pensated with ordinary dispersive pulse compressors).
On the contrary, bulk continuum generators, which en-
sure a highly compressible continuum, require energies
higher than energies of said oscillators. Hence, the
OPCPA system must have an additional amplifier foram-
plification of the femtosecond seed radiation. This again
rises a complexity and price of the system.

[0013] In R.Antipenkov et al., "Femtosecond Yb:KGW
MOPA driven broadband NOPA as a frontend for TW
few-cycle pulse systems", Opt. Express 19, 3519-3524
(2011) an OPCPA is presented providing pulses of about
10fs at 800nm, which employs a single primary laser
source for obtaining seed and pump pulses comprising
an Yb:KGW master oscillator-power amplifier:

- an ultrashort seed pulse (which is a pulse of initial
signal wave) is formed from radiation of said
Yb:KGW master oscillator-power amplifier by gen-
erating continuum in sapphire plate;

- a pump pulse is formed by frequency doubling of
radiation of said Yb:KGW master oscillator-power
amplifier.

[0014] Due to possibility to diode-pump the Yb:KGW
active medium, the system of Antipenkov et al. is more
stable and reliable than Ti:S based OPCPA systems de-
scribed above. However, energy efficiency is low since
parameters of amplifiers have to be excessive due to
peculiarities of Yb-doped active media. Pulse energy of
20p.J is attained after two stages of parametric amplifi-
cation in the OPCPA system of Antipenkov et al. A further
amplification up to millijoules is not possible when using
the same MOPA.

[0015] In C.Aguergaray et al., "Parametric amplifica-
tion and compression to ultrashort pulse duration of res-
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onant linear waves", Opt. Express 15, 5699-5710 (2007)
another OPCPA is presented. The system providing ul-
trashort pulses at 870nm employs a single primary laser
source for obtaining seed and pump pulses which com-
prises an Yb:KGW oscillator:

- an ultrashort seed (initial signal wave) pulse is
formed from non-amplified radiation of said Yb:KGW
oscillator by spectral broadening (white light gener-
ation) it in a photonic crystal fiber;

- a pump pulse is formed by amplifying radiation of
said Yb:KGW oscillator in Yb-doped fiber amplifier
and by further frequency doubling in a second-har-
monic generator.

[0016] In said solution, attention is concentrated into
control of energy and temporal characteristics of oscilla-
tor’s radiation in order to achieve white light radiation at
the output of said PCF fiber with such relative phases
between spectral components that this radiation is com-
pressible down to about 50fs with ordinary dispersive
compressors. In the solution of Aguergaray et al. with
careful control of oscillator’'s parameters ultrashort puls-
es with duration of 50fs, but not less, were obtained. Sec-
ondly, a fiber amplifier, which was chosen in order to
achieve higher pulse repetition rates, does not allow for
attaining energies of pump pulses that are achievable in
amplifiers based on bulk solid-state active media, espe-
cially Nd:YAG and Nd:YVO,. Therefore, said solution
does not provide a method and a laser source thereof
for obtaining sub-30fs pulses with energies within milli-
joules.

[0017] In S.Hadrich et al., "Degenerate optical para-
metric amplifier delivering sub 30 fs pulses with 2GW
peak power", Opt. Express 16, 19812-19820 (2008) yet
another OPCPA is presented. The system providing 30fs
pulses at 1030nm also comprises the Yb:KGW oscillator:

- an ultrashort seed pulse is obtained by broadening
a spectrum up to 68nm of said oscillator in a single-
mode optical fiber;

- apump pulse is obtained amplifying radiation of said
oscillator in a specially-designed Yb-doped rod type
photonic crystal fiber featuring an ability to attain
1mJ-level energy; further, a second-harmonic is
generated.

[0018] Pulse energy of 81J is attained after two stag-
es of parametric amplification at degenerate regime. A
further amplification up to millijoules is not provided.
Moreover, the degenerate optical parametric amplifica-
tion faces several limitations. First, since wavelengths of
signal and idler waves coincide, wavelength tuning of
output radiation is possible only as far as the pump radi-
ation spectral band allows. Second, the idler wave radi-
ation usually possess low beam quality because it re-
flects energy and phase fluctuations of the pump radia-
tion. This would deteriorate the whole output beam.
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[0019] An alternative to oscillators with free-space
components - fiber laser sources. Fiber lasers based on
single-mode optical fibers feature high beam quality. Al-
so, fibers have a high surface-area-to-volume ratio,
therefore, efficient cooling may be achieved. This allows
for operation at high powers and at high repetition rates.
Other advantages of fiber laser sources are: resistance
to environmental factors (changes in temperature or me-
chanical vibrations), easy transportation of radiation, an
ease of assembling a system. Moreover, a stimulated
emission peak of Yb ions incorporated into a glass matrix
of the optical fiber, which is at about 1030nm, is close to
the amplification line (1064nm) of Nd:YAG and Nd:YVO,
active media, while luminescence band spans up to
1100nm at the long-wavelengths side. As a result, output
radiation of an Yb-based fiber laser oscillator or an os-
cillator-amplifier is suitable for seeding of Nd-amplifiers.
[0020] US8023538 (Marcinkevicius et al.) presents
several configurations of OPCPA systems comprising
fiber oscillator-based primary laser sources. Given ex-
amples describe utilisation of femtosecond fiber oscilla-
tors, mainly Er and Tm, and subsequently cryogenically
cooled Yb-based amplifiers. Duration of parametrically
amplified pulses at the output of the OPCPA system is
about 10fs. Also, high beam quality is ensured. Addition-
ally, a possibility of nonlinear radiation conditioning stag-
es during initial signal (seed) or/and pump pulse forma-
tion is mentioned, however, practical examples of initial
signal radiation conditioning are limited only to continuum
generation at highly-nonlinear fibers.

[0021] In solution of Marcinkevicius et al., a perform-
ance and reliability of the primary laser source is not guar-
anteed as well. Mainly, because femtosecond oscillators
are more sensitive to system parameters and external
impacts, as compared to picosecond oscillators. Also,
the OPCPA system of Marcinkevicius et al. operates with
the broadband pump-pulse amplifiers. This are no con-
figurations with narrowband Nd-based pump pulse am-
plifiers. Additionally, there is a lack of practical examples
of how to employ the Yb-doped oscillator in the OPCPA
system aiming to obtain millijoule-level pulses. Condi-
tions for continuum generation in a bulk solid-state ma-
terial (crystal) are lacking.

[0022] In A.Fernandez et al., "Broadly tunable carrier
envelope phase stable optical parametric amplifier
pumped by a monolithic ytterbium fiber amplifier", Opt.
Lett. 34, 2799-2801 (2009) yet another primary laser
source for OPCPA system is presented. It comprises a
femtosecond Yb-based fiber oscillator operating at
1040nm. Formation of an ultrashort seed pulse for par-
ametric amplification comprises pulse stretching of the
oscillator’s output pulse, followed by power amplification
in a sequence of fiber amplifiers up to about 9uJ of en-
ergy. Yet a further formation of the seed pulse includes
pulse compression, wavelength conversion in a second-
harmonic generation crystal, continuum generation in
sapphire plate and stabilization of carrier-envelope-
phase (optical phase under pulse envelope) in OPA crys-
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tal. It is stated that, with the use of said primary laser
source, an OPCPA system with passive synchronization
of seed and pump pulses may be easily implemented,
because radiation of Yb-doped fiber oscillator is suitable
for seeding of Nd-amplifiers.

[0023] In a solution of Fernandez et al. an all-fiber sys-
tem of formation and amplification of the broadband seed
pulse is composed from these elements: 480 meters of
single-mode optical fiber destined to stretch a pulse up
to 350ps; 1.5m of highly-Yb-doped single-mode fiber and
3m of large-mode-area double-clad fiber destined to am-
plify; also, some additional components such as fiber
acousto-optic modulators for reduction of spontaneous
emission background and mode-size adapters. The de-
scribed multicomponent fiber system is necessary for
amplification of the femtosecond pulse up to a few mi-
crojoules to overcome continuum generation threshold
in bulk sapphire. But it is complex and highly inefficient.
[0024] The closest prior art of this invention is the so-
lution of Harth et al., "Two-color pumped OPCPA system
emitting spectra spanning 1.5 octaves from VIS to NIR",
Opt. Express 20, 3076-3081 (2012). OPCPA system pre-
sented in the article of Harth et al. (2012) comprises a
single primary laser source which is Ti:S oscillator pro-
viding ultrashort radiation which is splitted into radiation
of a seed arm an radiation of the pump arm. Further, two
stages of non-collinear optical parametric amplification
(OPA) with a white light generation between them are
present. The first OPA stage serves as an amplifier for
increasing energy of pulses of said radiation of the seed
arm up to energy necessary to overcome continuum gen-
eration threshold in a crystalline bulk material (namely,
in BaF, plate). This way a sub-5fs seed pulse is formed,
without a use of quantum amplifier in the seed arm, which
is further parametrically amplified in said second OPA
stage. Said radiation of the pump arm is amplified in the
multidisk regenerative Yb:YAG amplifier, and then sec-
ond- and third-harmonics are generated, which are des-
tined to be pump pulses for said first and OPA stages,
respectively. Yb:YAG is a broadband active medium
which overlaps well the luminescence band of Ti:S active
medium. Therefore, a part of radiation separated from
radiation of Ti:S is suitable to seed Yb:YAG ampilifier.
[0025] However, particular conditions such as high-
brightness pumping schemes and effective cooling ge-
ometry must be applied to the Yb:YAG active medium,
which features a quasi-three level quantum structure, in
order to avoid generation of superfluorescence radiation
and/or amplified spontaneous emission and in order to
ensure reproducibility of output characteristics and high
beam quality. The multidisk thin-disk architecture of the
Yb:YAG amplifier in Harth et al. solution is sophisticated
and requires precise fabrication technology that increas-
es amplifier’s price. There are few manufacturers of multi-
disk modules of active media. Moreover, Ti:S based
front-end of the system requires temperature and me-
chanical stabilization equipment assisted by electronic
feedback loops in order to ensure output pulse energy
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reproducibility and high beam quality. Finally, due to dif-
ferent wavelengths of pump pulses in said two OPA stag-
es energy of signal wave pulse amplified the first OPA
stage is not raised in the second OPA stage. Therefore,
in addition to the drawbacks related to the utilisation of
the Ti:S oscillator and Yb:YAG amplifier, the solution of
Harth et al. does not provide a configuration of OPCPA
system for obtaining sub-30fs millijoule-energy pulses in
NIR spectral region.

Technical problem to be solved

[0026] The aim of this invention is to simplify complex-
ity of a method and a laser source thereof for generation
of femtosecond light pulses with durations less than
100fs, preferable from 5fs to 30fs, and peak powers ex-
ceeding 30GW. It is also an aim of this invention to pro-
vide an OPCPA system featuring a simplified configura-
tion, composed of solid-state and fiber-based optical
components, and ensuring high stability and overall pow-
er efficiency.

Disclosure of invention

[0027] In order to solve above problem according to
proposed method for generation of femtosecond light
pulses, comprising at least two optical parametric ampli-
fication (OPA) stages, where, in a first OPA stage, opti-
cally synchronized pulses of first seed radiation and first
pump radiation are directed into a first nonlinear crystal
in which they overlap in time and space, satisfying con-
ditions of non-collinear phase matching; ina second OPA
stage, optically synchronized pulses of second seed ra-
diation and second pump radiation are directed into a
second nonlinear crystal in which they overlap in time
and space, satisfying conditions of non-collinear phase
matching;

said firstand second seed radiations and first and second
pump radiations are originated from a single primary la-
ser source which generates ultrashort radiation of pulses
of duration from 1ps to 3ps and by splitting said ultrashort
radiation into radiation of a seed arm and radiation of a
pump arm;

the first seed radiation for said first OPA stage is formed
by stretching in time pulses of said radiation of the seed
arm and additionally comprises broadening of its spec-
trum up to (10+20)nm of bandwidth,

the first pump radiation for said first OPA stage is formed
by amplifying and frequency doubling of said radiation of
the pump armin a second-harmonic generator; a spectral
bandwidth of said radiation of the pump arm, which is
amplified while forming said first pump radiation, does
not exceed 1nm,

the second seed radiation for said second OPA stage is
formed from signal wave radiation amplified in said first
nonlinear crystal by compressing pulses in time and, fur-
ther, by spectral broadening of a part of radiation of com-
pressed pulses in a white light generator destined to cre-
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ate spectrally broadened radiation with a bandwidth not
less than 300nm, which is directed into the second non-
linear crystal directly or via a first pulse conditioner,

the second pump radiation is formed by separating a part
of said radiation of compressed pulses at the output of
the first OPA stage, which is separated by a power splitter
and directed into a second-harmonic generator for fre-
quency doubling, where the frequency doubled radiation
is directed into the second nonlinear crystal directly or
via a second pulse conditioner,

wherein said first and second pulse conditioners com-
prise pulse compressors and/or pulse stretchers to form
a predetermined ratio of durations of pump and seed
pulses,

signal wave pulses, amplified in the final at least in the
second nonlinear crystal, are compressed in time to form
output pulses with duration of 5fs to 100fs.

[0028] According to another embodiment of the
present invention, a third stage of optical parametric am-
plification is provided, during which optically synchro-
nized pulses of third seed radiation and third pump radi-
ation are directed into a third nonlinear crystal, in which
they overlap in time and space, satisfying conditions of
non-collinear phase matching, where the third seed ra-
diation for said third OPA stage is formed from signal
wave radiation amplified in said second nonlinear crystal
by compressing its pulses in time, while the third pump
radiation is formed in the same wave as the pump radi-
ation for the first OPA stage, signal wave pulses, ampli-
fied in the final third nonlinear crystal, are compressed
in time to form output pulses with duration of 5fs to 100fs.
[0029] A central wavelength of said ultrashort radiation
of the primary laser source may be selected from a lumi-
nescence band of Yb-doped active media in such a way
that it overlaps stimulated emission peak of Nd-doped
active medium, and a central wavelength of the femto-
second output pulses is about 800nm.

[0030] A central wavelength of said ultrashort radiation
of the primary laser source may be 1064nm.

[0031] As afurther embodiment of the invention is pro-
posed a laser source for generation of femtosecond light
pulses, comprising a primary laser source of ultrashort
radiation which generates picosecond pulses with dura-
tion from 1ps to 3ps and at least two optical parametric
amplification (OPA) stages comprising nonlinear crys-
tals, wherein said ultrashort radiation of the primary laser
source is splitted with a power splitter into radiation of a
seed arm and into radiation of a pump arm, radiation
conditioning system which is placed in said seed arm for
stretching pulses of said radiation is also broadens radi-
ation spectrum up to a bandwidth of (10-+20)nm and fur-
ther to direct the pulses into the first nonlinear crystal as
a first seed radiation;

a quantum amplifier, which is a narrowband amplifier fea-
turing a gain bandwidth less than 1nm and a second-
harmonic generator are placed in said pump arm to gen-
erate a frequency doubled radiation as a first pump ra-
diation, which is directed into the first nonlinear crystal
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via optical elements in such a way that pulses of the first
seed radiation and the first pump radiation overlap in time
and space satisfying conditions of non-collinear phase
matching;

a pulse compressor and a white light generator are
placed on a path of signal wave radiation amplified in the
first nonlinear crystal to form spectrally broadened radi-
ation with a bandwidth of atleast 300nm, which is directed
into the second nonlinear crystal, directly or via a first
pulse conditioner, as a second seed radiation,

a second pump radiation is formed by a pulse formation
means, which comprises optical elements to direct the
second pump radiation in such a way that pulses of the
second seed radiation and the second pump radiation in
the second nonlinear crystal overlap in time and space
satisfying conditions of non-collinear phase matching,
where the pulse formation means adapted to form the
second pump radiation is placed on a path of a radiation
part separated by a power splitter from amplified in the
first nonlinear crystal and compressed in the compressor
radiation, and comprises a second-harmonic generation
crystal, wherein a frequency doubled radiation at an out-
put of said second-harmonic generation crystal is direct-
ed to the second nonlinear crystal directly or via a second
pulse conditioner,

wherein said first and second pulse conditioners com-
prise pulse compressors and/or pulse stretchers to form
a predetermined ratio of durations of pump and seed
pulses,

signal wave radiation amplified in the last nonlinear crys-
tal which is at least the second nonlinear crystal is direct-
ed into a pulse compressor designed to form femtosec-
ond output pulses with duration from 5fs to 100fs.
[0032] According to the proposed laser source for gen-
eration of femtosecond light pulses quantum amplifier
comprises one or more Nd-doped solid-state laser am-
plifiers, wherein atleast one of said Nd-doped solid-state
amplifiers is regenerative amplifier, resulting in energy
of pulses at the output of said quantum amplifier within
a range between 100pd and 1mJ, while energy of the
femtosecond output pulses generated in the last OPA
stage is from 1 pJ to 10pJ.

[0033] According to another embodiment of the
present invention proposed laser source is provided with
a third nonlinear crystal making a basis of a third OPA
stage, a third seed radiation is formed by pulse stretching
in a stretcher of a signal wave radiation amplified in the
second nonlinear crystal,

a third pump radiation is formed by separating a part of
the frequency doubled radiation at the output of the sec-
ond-harmonic generator situated in the pump arm with a
power splitter; said separated part is directed into the
third nonlinear crystal via optical elements in such a way
that pulses of the third seed radiation and the third pump
radiation overlap in time and space satisfying conditions
of non-collinear phase matching,

signal wave radiation amplified in the third nonlinear crys-
tal is directed into a pulse compressor designed to form
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femtosecond output pulses with duration from 5fs to
100fs.

[0034] Accordingto the proposed laser source for gen-
eration of femtosecond light pulses with three OPA stag-
es, said quantum amplifier comprises one or more Nd-
doped solid-state laser amplifiers, wherein at least one
of said Nd-doped solid-state laser amplifiers is regener-
ative amplifier, resulting in an energy of pulses at the
output of said quantum amplifier within a range between
100J and 100mJ, while energy of the femtosecond out-
put pulses generated in the last OPA stage is from 10uJ
to 10mJ.

[0035] Said primary laser source of ultrashort radiation
is Yb-based laser, designed to irradiate a spectral line
overlapping an emission peak of Nd-doped active media.
[0036] In addition, said Yb-based laser is a fiber laser
based on Yb-doped single-mode optical fiber, while the
quantum amplifier is based on Nd:YAG, Nd:YVO, or
Nd:YLF active medium.

[0037] Energy of said ultrashortradiation of the primary
laser source does not exceed 100pJ in energy and said
radiation conditioning system comprises a preamplifier,
destined to increase energy of pulses in radiation up to
(1+10)nd, also an additional optical element in which
self-phase modulation of pulses occurs.

[0038] Energy of said ultrashort radiation of the primary
laser source is in the (1+-10)nJ range.

[0039] The radiation conditioning system is based on
single-mode optical fibers.

[0040] Said white light generator may be a plate of sap-
phire or YAG.
[0041] Pulse duration of radiation obtained at the out-

put of said pulse compressor, placed downstream the
first nonlinear crystal, is within a range from 100fs to
200fs.

Advantages of the invention

[0042] Adistinctfeature and an advantage of the meth-
od of this invention is that at initial stage a relatively nar-
rowband radiation is generated, a bandwidth of which
corresponds to a few-picosecond duration of transform-
limited pulses. Whereas, finally, femtosecond pulses are
generated.

[0043] Another distinct feature of the method of this
invention is that said spectral broadening of initial radia-
tion is done just up to 20nm bandwidth only. This does
not require high energy of initial pulses or sophisticated
optical elements such as photonic crystal fibers.

[0044] According to the method of this invention, fem-
tosecond lightpulses are generatedintwo or three stages
(inageneralcase, more stages may be present) of optical
parametric amplification with white light generation im-
plemented between said first and second stages of op-
tical parametric amplification. Said first stage of optical
parametric amplification serves as a stage of radiation
preparation needed for white light generation. Only a nar-
rowband radiation has to be amplified in a quantum am-
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plifier. In all optical parametric amplification stages puls-
es of seed and pump radiations are optically synchro-
nized since are originated from radiation of a single pri-
mary laser source.

[0045] Anotherimportant distinct feature of the method
and laser source of this invention is: pump pulses for the
first and the third OPA stages are narrowband (<1nm),
since are obtained from radiation amplified in the Nd-
based quantum amplifier, which actually may comprise
a sequence of Nd-amplifiers; while pump pulses for the
second OPA stage have a bandwidth of up to 20nm, since
are obtained from a part of signal wave radiation amplified
in the first OPA stage.

[0046] Another aspect of the present invention is - at
all stages a non-collinear optical parametric chirped
pulse amplification takes place. A non-collinear interac-
tion ensures a wide band of parametric amplification.
While pulse chirping, hence pulse stretching in time, en-
sures efficient energy conversion from the pump wave
into the signal wave. Before the first stage of optical par-
ametric amplification, pulses of seed radiation become
chirped as a consequence of self-phase modulation while
accomplishing spectral broadening in a single-mode op-
tical fiber. Alternatively, pulses of seed radiation may be
chirped in supplementary dispersive optical elements.
Before the second stage of optical parametric amplifica-
tion, pulses of seed radiation become chirped due to dis-
persive properties of the white light generator. Pulses of
seed radiation for the third parametric amplification stage
are stretched deliberately in pulse stretchers to achieve
desired pulse durations and highest parametric gain.
[0047] Yetanotherimportant aspect and advantage of
the presentinvention - peak powers achieved at the out-
put of the first optical parametric amplification stage en-
sure white light generation in crystalline bulk materials.
[0048] The laser source for generation of femtosecond
light pulses according to this invention comprises a low-
energy picosecond primary laser source, for example Yb-
doped fiber laser, compatible with the solid-state Nd-
based quantum amplifier, also an ordinary crystalline
bulk material, such as sapphire or YAG plate, for white
light radiation generation, hence is simple and reliable.
The overall relationship between components of the
whole system results in high power efficiency. Moreover,
the laser source of this invention has a relatively low cost
as compared to the known laser systems providing anal-
ogous characteristics of output radiation.

[0049] To summarize, the method for generation of
femtosecond light pulses of this invention allows for gen-
eration of pulses with durations from 30fs down to 5fs in
near infrared spectral range. The laser source of femto-
second light pulses is simpler, more reliable and has a
lower cost, as compared to the known prior art laser
sources. A hybrid optical scheme, comprising fiber-opti-
cal and solid-state components, ensures high overall sys-
tem efficiency, pulse energy and duration reproducibility,
also, good beam quality. The laser system of this inven-
tion consisting of three optical parametric amplification
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stages generates multimillijoule-level femtosecond out-
put pulses. It is a good alternative to widely used Ti:S
laser systems. The laser system of this invention con-
sisting of two optical parametric amplification stages gen-
erates femtosecond pulses with energies of up to tens
of microjoules, what is an alternative for Yb:KGW-based
systems.

Brief description of drawings

[0050] The invention is explained in greater detail in
the following drawings, wherein:

Fig.1 - a functional block diagram illustrating a prin-
ciple of a method of this invention.

Fig.2 - a block diagram of a laser source of this in-
vention with only principal components shown nec-
essary to accomplish the method of Fig. 1.

Fig.3 - a block diagram of a preferable embodiment
of this invention.

Detailed description of embodiments of the invention

[0051] The method of this invention for generation of
femtosecond light pulses is generally a generation of an
initial ultrashort laser radiation and its optical parametric
amplification, while pump pulse is also originated from
the same source of initial ultrashort laser radiation. Said
parametric amplification increases pulse energy and also
shortens the pulse. The procedure comprises the follow-
ing main steps (Fig.1):

- generation of a picosecond pulse;

- formation of seed and pump pulses;

- at least two optical parametric amplification (OPA)
stages, in which amplification of chirped pulses oc-
curs, i.e. seed pulses are stretched in time prior to
parametric amplification.

[0052] More specifically, formation of a seed pulse for
a second OPA stage comprises radiation preparation for
white light (WL) generation in a white light generator and
WL generation itself. Said radiation preparation for WL
generation comprises simultaneous pulse stretching and
spectral broadening of the initial picosecond pulse, also
amplification and a consequent pulse compression, while
said amplification is performed in a first OPA stage.

[0053] A laser source (Fig.2) accomplishing the meth-
od of this invention is an OPCPA system, wherein seed
and pump pulses at each stage of optical parametric am-
plification satisfy conditions of non-collinear phase
matching, mainly comprising: a single primary laser
source 1 of ultrashortradiation, a narrowband (bandwidth
<1nm) quantum amplifier 2 and two or more OPA crystals
3, 4, 5; said quantum amplifier 2 comprises at least a
regenerative amplifier; a white light generator 6, prefer-
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ably crystalline, situated between the first OPA crystal 3
and the second OPA crystal 4. A narrowband radiation
of a pump arm originated from said primary laser source
1 is amplified regeneratively and after additional condi-
tioning results in pump pulses 7, 8. Whereas, a broad-
band radiation of a seed arm originated from said primary
laser source 1 is amplified without regenerative amplifi-
cation. Pulses of the preconditioned radiation 9 are am-
plified parametrically in the first OPA crystal 3. Pulses of
pump radiation for the second OPA stage have a band-
width of up to 20nm, since are obtained from signal wave
radiation amplified in the first OPA stage, and carry en-
ergy that was not employed for white light radiation 10
generation in said white light generator 6.

[0054] InFig.3,adetailed block diagram of a preferable
configuration of the laser source of this invention is de-
picted, in which the source comprises three stages of
non-collinear optical parametric amplification and at each
of said parametric amplification stages chirped pulses of
signal wave are amplified. Ultrashort radiation 11 of the
primary laser source 1, characterised by a central wave-
length Ao and a spectral width Ak, is splitted with a power
splitter 12 into two parts: radiation 13 of a seed arm and
radiation 14 of a pump arm. A ratio between pulse ener-
gies of said radiations 13, 14 may be from 10:90 up to
90:10. The central wavelength 1 of said ultrashort radi-
ation 11 of the primary laser source 1 is selected to over-
lap a stimulated emission peak of a solid-state active
medium, preferably one of Nd-doped active crystals,
while the spectral width A\, corresponds to a transform-
limited pulse with duration of a few picoseconds. A mode-
locked Yb-based fiber oscillator is particularly suitable
for the objectives of this invention, because it features a
broad luminescence band and overlaps amplification
peaks of many Nd-doped active media (Nd:YAG,
Nd:YVO,, Nd:YLF, etc). In the mode-locked regime Yb
fiber lasers irradiate transform-limited pulses with dura-
tion from 1ps to 5ps. Output energy of Yb fiber oscillators
does not exceed 100pJ, while Yb MOPASs provide up to
10nJ.

[0055] Further, said radiation 13 of the seed arm prop-
agates through radiation conditioning system 15 des-
tined to chirp the pulse. If necessary, it includes a pream-
plifier 16 which increases pulse energy up to energies
required for self-phase modulation (hence, spectrum
broadening and pulse stretching) to occur in a nonlinear-
dispersive optical element 17. A spectrally broadened
and temporally stretched pulse, a bandwidth A)4 of which
is about (10+20)nm, is directed into the first OPA crystal
3 as a pulse of seed radiation 9. Said optical elements
16 and 17 may also be fiber-based. For example, for a
picosecond few-nJ energy pulse at an output of the
preamplifier 16, said bandwidth of up to 20nm may be
attained in a standard single-mode optical fiber with a
length of ten to few tens of meters. Self-phase modulation
arising do to nonlinearities of the fiber, manifests not only
as broadening of radiation spectrum but also as dephas-
ing of spectral components. Said dephasing of spectral
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components is also influenced by dispersive properties
of fiber components. The resultant pulse of seed radiation
9 is chirped and lasts in time from 10ps to 20ps. Another
important feature of said chirped pulse of seed radiation
9 at the output of said conditioning system 15 - due to
nonlinear and dispersive properties of the optical fiber
chirp profile is such that dephasing of spectral component
may be cancelled with ordinary dispersive pulse com-
pressors, for example, a pair of prisms or gratings.
[0056] According to another modification of this inven-
tion, said nonlinear-dispersive optical element 17 is a
combination of a single-mode optical fiber and a chirped
fiber Bragg gratings enabling a greater pulse chirping,
and therefore, stretching in time up to 100ps.

[0057] According to yet another modification of this in-
vention, said ultrashort radiation 11 of the primary laser
source 1 features dephasing among its spectral compo-
nents, i.e. pulses are already chirped. It may be achieved
with a configuration of the primary source 1 comprising
a fiber master oscillator without a chirped Bragg grating
for compensation of dispersion of fiber components in-
side fiber-based resonator. In this case, pulses of said
radiation 13 of the seed arm are already chirped and said
spectral broadening up to (10+20)nm may be achieved
with other parameters of the optical elements 16, 17 of
said conditioning system 15. Herein, pulses of radiation
14 of the pump arm are also chirped.

[0058] Simultaneously, formation of pump pulses for
the first and the third stages of optical parametric ampli-
fication is performed. Firstly, said radiation 14 of the pump
arm, separated from initial ultrashort radiation 1 with the
help of a power splitter 12, is amplified in said quantum
amplifier 2 composed of one or several solid-state am-
plifiers 18, 19 based on Nd-ion doped active media,
wherein at least one of said solid-state amplifiers 18, 19
is regenerative and, preferably, chirped pulse amplifica-
tion is accomplished. Pulse energy is raised by 6 to 9
orders of magnitude in a sequence of said amplifiers 18,
19. Due to the narrow band of Nd-doped active media
and distinct properties of regenerative amplifiers the am-
plified pulse is from 10ps to 100ps in duration (at a par-
ticular case, 5ps may be attained).

[0059] Further, frequency doubling is performed in a
second-harmonic generation crystal 20.The generated
second-harmonic radiation 21 is separated with the help
of a power splitter 22 into two parts. A first part of said
radiation with pulse energy in the range of a few milli-
joules (according to an alternative configuration, a few
hundred millijoules) through supplementary optical com-
ponents (deflecting optics and a delay line 23) is directed
into the first OPA crystal 3 as a pulse of pump radiation
7. The other part 8 of said second-harmonic radiation
with energy of pulses within the range of tens of millijoules
is destined to pump the third stage of optical parametric
amplification.

[0060] In the first OPA crystal 3, the pulses of seed 9
and pump 7 radiation are overlapped in time and space
satisfying conditions of non-collinear phase matching. A
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good coincidence between durations of seed and pump
pulses and theirs accurate temporal overlapping is not
crucial in the first OPA stage. It is mainly important to
amplify such a portion of a spectrum, chirp profile and
bandwidth of which allow for pulse compression down to
(100+-200)fs. With a few-hundred-millijoules pulse of
pump radiation 7, it is possible to achieve (10-+100)pJ
energy pulses of amplified signal wave radiation 24. Al-
ternatively, with (1-+-5)mJ pumping, energy of said pulses
of amplified signal wave radiation 24 attains (50+300) ..
This energy is sufficient or even excessive for white light
generation in the crystalline white light generator 6, for
example sapphire plate.

[0061] The first stage of optical parametric amplifica-
tion ends up with compression of said pulses of amplified
signal wave radiation 24 in a pulse compressor 25. A
bandwidth is sufficient and a form of chirp profile allows
for compression down to (100+200)fs with a pair of
prisms or gratings selected as said pulse compressor 25.
Also, a volume Bragg grating may be selected. Energy
of a compressed pulses of radiation 26 at an output of
said compressor 25 is in the range from a few up to a
few hundred millijoules, while a central wavelength A, is
approximately equal to the initial wavelength A, of the
primary laser source 1 radiation 11.

[0062] Itis worth mentioning that the first stage of op-
tical parametric amplification in the system of this inven-
tion is close but not the same as a traditional scheme
known as NOPA, wherein radiation with an initial wave-
length, e.g. 1064nm, is parametrically amplified with its
second-harmonic, i.e. 532nm radiation. BBO nonlinear
crystal is highly suitable for these wavelengths and fea-
tures a broad parametric amplification band of up to 300
nanometers. Schemes without and with pump pulse am-
plifiers are known. In the traditional NOPA scheme
1064nm radiation propagates through a WL generator to
form a broadband seed radiation giving a freedom for
wavelength tuning or a possibility to obtain sub-100fs
pulses. The first OPA stage in the system of this invention
differs from said traditional NOPA scheme in these as-
pects: 1) the spectral bandwidth A of the formed seed
radiation 9 is relatively small, significantly smaller than
parametric amplification band of the OPA crystal 3; 2)
formation of said spectral bandwidth AL, of about
(10-+-20)nm does not require high energy of radiation 13
from which said seed radiation 9 is formed; 3) the pulses
of the seed radiation 9 are chirped, wherein dephasing
among spectral components arises automatically during
spectral broadening in said radiation conditioning system
15 or, alternatively, is introduced deliberately, while the
chirp profile is such that pulses are compressible with a
prism-pair or grating-pair compressor down to
(100-+-500)fs or (100-+200)fs.

[0063] To summarize, the first optical parametric am-
plification stage in the system of this invention is prepa-
ration of radiation 26 required for white light generation
in a crystalline bulk material. The main advantage of this
stage is that the pulses of the seed radiation 9 are gen-
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erated in a sequence of all-fiber optical comonents based
on standard single-mode optical fibers.

[0064] Further, a second stage of optical parametric
amplification takes place. White light radiation 27 which
is used to form a seed radiation 28 for the second OPA
stage is generated from only a small part of said radiation
26. A power splitter 29 is used to separate a part 30 not
exceeding 5% in energy. Therefore, energy of said part
30 of radiation (with pulses lasting (100+-500)fs or
(100-+200)fs in time) is in the range from 0.5p.J to 4p.d.
This radiation is focused inside a white light generation
crystal 6, which preferably is YAG or a sapphire plate,
where additional spectral components are generated as
a consequence of several simultaneous nonlinear proc-
esses. Other known white light generating crystals may
be employed as well. A few-hundred nanometers band-
width of the generated radiation 27 corresponds to a sub-
5fs duration of a transform-limited pulse, but dephasing
of spectral components results in pulse duration in the
range from 100fs to 1ps. Pulses of said radiation 27 have
energy of about 10nJ.

[0065] The major part 31 of the radiation 26 separated
by said power splitter 29 is used for formation of pump
radiation 10 for the second OPA stage. Frequency dou-
bling of this part 31 of radiation having a central wave-
length nearly the same as said initial wavelength A is
performed in a second-harmonic generation crystal 32.
For example, in a system of this invention designed to
have Nd:YAG-based amplifier 2, the initial wavelength
Agis 1064nm, and the generated second-harmonic radi-
ation is 532nm. This radiation through supplementary op-
tical components is directed into the second OPA crystal
4 as pump radiation 10.

[0066] Inthe second OPA crystal4, said pulses of seed
28 and pump 10 radiation are overlapped in time and
space satisfying conditions of non-collinear phase
matching. Accurate temporal overlapping of pulses of
said radiations 28, 10 is very important at this stage. This
influences duration of output pulse of the whole OPCPA
system, and even its central wavelength. Therefore, ad-
ditional optical components such as pulse stretchers
and/or compressors 33, 34 and a variable-delay line 35
may be present on the path of pulses of seed 28 and/or
pump 10 radiation. A ratio of pump and seed pulse du-
rations and their temporal coincidence determines which
spectral components of radiation 28 that is amplified in
the crystal 4 experience highest parametric gain. Since
both pulses of seed 28 and pump 10 radiation are of
comparable durations in the range of femtoseconds, any
changes in their durations and mutual overlapping have
a significant impact.

[0067] According to one particular embodiment of this
invention, said additional optical element 33 is absent on
a path of pulses of seed radiation 28, while pulses of
pump radiation 10 propagate through a pulse stretcher
34. Pulses having a bandwidth of (10+-20)nm are easily
stretchable with ordinary dispersive pulse stretchers. In
this embodiment duration of pump pulses are increased
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to match or slightly to exceed a duration of seed pulses.
[0068] According to an alternative particular embodi-
ment of the present invention, said additional optical el-
ement 34 is absent on a path of pulses of pump radiation
10, while pulses of seed radiation 28 propagate through
a pulse compressor 33. Since pulses of seed radiation
28 are strongly chirpeditmay be compressed by reducing
dephasing of its spectral components. Seed pulse dura-
tion of 10fs may be achieved with an ordinary prism-pair
or grating-pair compressor (longer than its transform lim-
it). It is not necessary to completely cancel high-order
dispersion originating at white light generation, and there-
fore, to achieve a transform-limited pulse duration, since
parametric amplification is reasonable only if pump-to-
seed pulse duration ratio is less than 10. Moreover, pos-
sibility of optical damage is reduced when operating with
stretched pulses.

[0069] According to other variations of the present in-
vention, yet different combinations of elements 33, 34
are possible: 1) pulses of seed radiation 28 as well as
pulses of pump radiation 10 are stretched in time; 2) puls-
es of seed radiation 28 are compressed, while pulses of
pump radiation 10 are stretched. In the latter configura-
tion, chirped pulses of initial signal wave (seed) are par-
ametrically amplified with chirped pump pulses, there-
fore, conditions for amplification of different spectral com-
ponents depend on chirp profiles and mutual temporal
shift of said pulses. As a result, a central wavelength A,
of amplified signal radiation 36, may be tuned by chang-
ing a length of a delay line 35.

[0070] By selecting an optimal overlapping of pulses
of seed 28 and pump 10 radiation, all spectral compo-
nents of the generated white light radiation that fall within
anon-collinear parametric amplification band of the OPA
crystal 4 may be amplified. The BBO crystal, which is
particularly suitable for parametric amplification of radi-
ation at 1064nm, when pumped with 532nm, because
has a non-collinear optical parametric amplification
bandwidth of 300nm. That means that the spectral width
of the amplified signal wave radiation 36 would corre-
spond to a duration of a transform-limited pulse of less
than 10fs.

[0071] In case the pulses of seed 28 and pump 10 ra-
diation are not optimally overlapped in time, not all of
spectral components that fall within the crystal’'s 4 am-
plification band are parametrically amplified and a result-
ant spectral width of the amplified signal wave radiation
36 corresponds to (10--100)fs duration of a transform-
limited pulse.

[0072] In the laser source of this invention according
to Fig.3, wherein three OPA stages are present, pulses
of signal wave radiation 36 amplified in the second OPA
crystal 4 are not compressed before a subsequent optical
parametric amplification stage. Radiation 36 is chirped,
and hence pulses have a longer duration, in the range
from 100fs up to 1ps or even longer, than their transform-
limited duration. Energy spans from 1pJ to 10pJ.
[0073] The third stage of optical parametric amplifica-
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tion is similar to a traditional optical parametric chirped
pulse amplification scheme. Seed radiation 37 for the
third OPA stage is formed from signal wave radiation 36
amplified in the second OPA crystal 4 by stretching puls-
es in time in a pulse stretcher 38. An aim is to form seed
pulses which have a duration comparable with duration
of pulses of pump radiation 8. As said before, for an ef-
ficient parametric amplification pump pulses must not be
longer than by 10 times than seed pulses. In the most
optimal configuration of this invention a pump-to-seed
pulse duration ratio is in (1+2) range. In this case and
overlapping pulses in time (with the help of a delay line
39) in such away that seed pulse is straight under a peak
of pump pulse envelope, all spectral components of sig-
nal wave experience equal-parametric gain. That means
that a central wavelength of the amplified signal wave
radiation 40 coincides with the central wavelength of the
seed radiation 37. Other spectral characteristics are also
preserved - a ratio between spectral amplitudes and also
chirp profile. In the third OPA crystal 5, pulses of seed
37 and pump 8 radiation are overlapped in time and
space also satisfying conditions of non-collinear phase
matching.

[0074] With pulses of pump radiation 8 carrying a few
tens of millijoules, for example 50mJ, of energy, pulses
of signal wave radiation 40 amplified in the third nonlinear
crystal 5 may be from 2 to 20 millijoules in energy. This
radiation 40 is directed into a pulse compressor 41 where
femtosecond output pulses 42 are formed.

[0075] Output characteristics of the whole system
strongly depend on the selected pulse stretcher 38 and
pulse compressor 41, also spectral bandwidth of radia-
tion 36. To summarize, output pulses 42 with: energy of
~1mJ and sub-30fs duration or, alternatively, energy of
~1mJ andtunable duration in the range from 30fs to 100fs
and tunable wavelength in (650-+1000)nm range may be
obtained in the configuration of the OPCPA system con-
sisting of three parametric amplification stages. If in the
second OPA stage pump and seed pulse durations have
a ratio and temporal overlapping ensuring efficient am-
plification of all spectral components that fall within a
broad (~300nm) amplification band of the nonlinear crys-
tal 4, and where sophisticated pulses stretching and com-
pressing elements 38, 41 capable to compensate high-
order dispersion of chirped pulses, output pulses 42 of
sub-10fs or even 5fs in duration and (1+5)mJ in energy
with central wavelength at about 800nm may be ob-
tained. A good example of said sophisticated pulses
stretching element is an acousto-optic pulse stretcher
which by which a desired shape of chirp profile may be
formed. Itis possible to change a chirp appearing at white
light radiation generation and to form a desired shape of
chirp profile which is compressible with a pulse compres-
sor 41 which may be a glass cube. To attain ~30fs dura-
tions of output pulses 42, simple 2-grating or 4-grating
stretchers and compressors are suitable to be used as
the stretcher 38 and compressor 41. For ~20fs pulse du-
rations to achieve, a proper choice are stretchers and
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compressors which are a combination of gratings and
lenses.

[0076] Said quantum amplifier 2 for the system having
three stages of optical parametric amplification, prefera-
bly is a sequence of Nd:YAG, Nd:YVO,, Nd:YLF or other
Nd-based solid-state amplifiers, wherein at least one of
said amplifiers is regenerative. Radiation 14 of the seed
arm is amplified up to (100pnd-+-100mJ) of energy.
[0077] According to an alternative embodiment of this
invention, the laser source generating femtosecond light
pulses consists of just two stages of optical parametric
amplification. Its optical scheme differs from the one
shown in Fig.3 in that it does not have elements 22, 38,
39 and 5. Also, a less powerful quantum amplifier 2 is
needed. With a quantum amplifier 2 producing 1mdJ pump
pulses, output pulses 42 of 10pnJ in energy and with du-
rations from 5fs to 30fs may be obtained.

[0078] All the given illustrations are possible but not
limiting realizations of the present invention. Accordingly,
the scope of protection is disclosed in the appended
claims.

Claims

1. Method for generation of femtosecond light pulses,
comprising at least two optical parametric amplifica-
tion (OPA) stages, where,
in a first OPA stage, optically synchronized pulses
of first seed radiation (9) and first pump radiation (7)
are directed into a first nonlinear crystal (3) in which
they overlap in time and space, satisfying conditions
of non-collinear phase matching;
in a second OPA stage, optically synchronized puls-
es of second seed radiation (28) and second pump
radiation (10) are directed into a second nonlinear
crystal (4) in which they overlap in time and space
satisfying conditions of non-collinear phase match-
ing;
outgoing pulses of signal wave radiation amplified in
a final OPA stage, which is at least the second OPA
stage, are compressed down to femtosecond-output
pulses, where
said first and second seed radiations (9, 28) and first
and second pump radiations (7, 10) are originated
from a single primary laser source (1) by splitting
ultrashort radiation (11) of said primary laser source
(1) with a power splitter (12) into radiation (13) of a
seed arm and radiation (14) of a pump arm;
the first seed radiation (9) for said first OPA stage is
formed by stretching in time pulses of said radiation
(13) of the seed arm, while
the first pump radiation (7) for said first OPA stage
is formed by amplifying and frequency doubling of
said radiation (14) of the pump arm in a second-har-
monic generator (20),
the second seed radiation (28) for said second OPA
stage is formed from signal wave radiation (24) am-
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plified in said first nonlinear crystal (3), by compress-
ing pulses in time and further by spectral broadening
of a part (30) of radiation (26) of compressed pulses
in a white light generator (6) to create spectrally
broadened radiation (27) with a bandwidth not less
than 300nm,

characterized in that

duration of pulses of said ultrashort radiation (11)
emitted by said primary laser source (1) is from 1ps
to 3ps,

formation of said first seed radiation (9) from said
radiation (13) of the seed arm additionally comprises
broadening of its spectrum up to (10+20)nm of band-
width,

a spectral bandwidth of said radiation (14) of the
pump arm, which is amplified while forming said first
pump radiation (7), does not exceed 1nm,

said second seed radiation (28) is formed from the
broadened in the white light generator (6) radiation
(27), whichis directed into the second nonlinear crys-
tal (4) directly or via a first pulse conditioner (33),
the second pump radiation (10) is formed by sepa-
rating a part (31) of said radiation (26) by a power
splitter (29) and directing into a second-harmonic
generator (32) for frequency doubling, where the fre-
quency doubled radiation is directed into the second
nonlinear crystal (4) directly or via a second pulse
conditioner (34), wherein said first and second pulse
conditioners (33, 34) comprise pulse compressors
and/or pulse stretchers to form a predetermined ratio
of durations of pump and seed pulses,

signal wave pulses, amplified in the final at least in
the second nonlinear crystal (4), are compressed in
time to form output pulses with duration of 5fs to
100fs.

Method according to claim 1, characterized in that
a third stage of optical parametric amplification is
provided, during which

optically synchronized pulses of third seed radiation
(37) and third pump radiation (8) are directed into a
third nonlinear crystal (5), in which they overlap in
time and space satisfying conditions of non-collinear
phase matching,

where the third seed radiation (37) for said third OPA
stage is formed from signal wave radiation (36) am-
plified in said second nonlinear crystal (4) by com-
pressing its pulses in time,

while the third pump radiation (8) is formed in the
same wave as the pump radiation (7) for the first
OPA stage;

signal wave pulses, amplified in the final third non-
linear crystal (5), are compressed in time to form
output pulses (42) with duration of 5fs to 100fs.

Method according claims 1-2, characterized in that
a central wavelength of said ultrashort radiation (11)
of the primary laser source (1) is selected from a
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luminescence band of Yb-doped active media in
such a way that it overlaps stimulated emission peak
of Nd-doped active medium, and a central wave-
length of the femtosecond output pulses is about
800nm.

Method according to claim 3, characterized in that
a central wavelength of said ultrashort radiation (11)
of the primary laser source (1) is 1064nm.

Laser source for generation of femtosecond light
pulses,

comprising a primary laser source (1) of ultrashort
radiation_and at least two optical parametric ampli-
fication (OPA) stages comprising correspondingly a
first nonlinear crystal (3) and a second nonlinear
crystal (4),

wherein said ultrashort radiation (11) of the primary
laser source (1) is splitted with a power splitter (12)
into radiation (13) of a seed arm and into radiation
(14) of a pump arm;

radiation conditioning system (15) is placed in said
seed arm for stretching pulses of said radiation (13)
and directing the stretched pulses into the first non-
linear crystal (3) as a first seed radiation (9), a quan-
tum amplifier (2) and a second-harmonic generator
(20) are placed in said pump arm to generate a fre-
quency doubled radiation (21) as a first pump radi-
ation (7), said radiation (21) is directed into the non-
linear crystal (3) via optical elements (23) in such a
way that pulses of the first seed radiation (9) and the
first pump radiation (7) overlap in time and space
satisfying conditions of non-collinear phase match-
ing;

a pulse compressor (25) and a white light generator
(6) are placed on a path of signal wave radiation (24)
amplified in the first nonlinear crystal (3) to form spec-
trally broadened radiation (27) with a bandwidth of
at least 300nm, which is directed into the second
nonlinear crystal (4) as a second seed radiation (28),
a second pump radiation (10) is formed by a pulse
formation means, which comprises optical elements
(35) to direct the second pump radiation in such a
way that pulses of the second seed radiation (28)
and the second pump radiation (10) in the nonlinear
crystal (4) overlap in time and space satisfying con-
ditions of non-collinear phase matching;

signal wave radiation amplified in a final nonlinear
crystal which is at least the second nonlinear crystal
(4) propagates through a pulse compressor de-
signed to form femtosecond output pulses,
characterized in that

said primary laser source (1) is designed to generate
picosecond pulses with duration from 1ps to 3ps,
said radiation conditioning system (15) placed in the
seed arm also broadens radiation spectrum up to a
bandwidth of (10+20)nm

said quantum amplifier (2) is a narrowband amplifier
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featuring a gain bandwidth less than 1nm,

the spectrally broadened radiation (27) at the output
of the white light generator (6), which is placed on
the path of signal wave radiation (24) amplified in
thefirstnonlinear crystal (3), is directed to the second
nonlinear crystal (4) directly or via a first pulse con-
ditioner (33);

the pulse formation means adapted to form the sec-
ond pump radiation (10) is placed on a path of a
radiation part (31) separated by a power splitter (29)
from amplified in the first nonlinear crystal (3) and
compressed by compressor (25) radiation (26), and
comprises a second-harmonic generation crystal
(32), a frequency doubled radiation at an output of
said crystal (32) is directed to the second nonlinear
crystal (4) directly or via a second pulse conditioner
(34), wherein

said first and second pulse conditioners (33, 34)
comprise pulse compressors and/or pulse stretchers
to form a predetermined ratio of durations of pump
and seed pulses,

signal wave radiation amplified in the last nonlinear
crystal which is at least the second nonlinear crystal
(4) is directed into a pulse compressor designed to
form femtosecond output pulses with duration from
5fs to 100fs.

Laser source according to claim 5, characterized in
that

said quantum amplifier (2) comprises one or more
Nd-doped solid-state laser amplifiers, wherein at
least one of said Nd-doped solid-state amplifiers is
regenerative amplifier,

resulting in an energy of pulses at the output of said
quantum amplifier (2) within a range between 100.J
and 1mJ,

while energy of the femtosecond output pulses gen-
erated in the last OPA stage is from 1pJ to 10ud.

Laser source according to claim 5, characterized in
that

a third nonlinear crystal (5) is provided making a ba-
sis of a third OPA stage,

a third seed radiation (37) is formed by pulse stretch-
ing in a stretcher (38) of a signal wave radiation (36)
amplified in the second nonlinear crystal (4),

a third pump radiation (8) is formed by separating a
part of the frequency doubled radiation (21) at the
output of the second-harmonic generator (20) with
a power splitter (22); said separate part is directed
into the third nonlinear crystal (5) via optical elements
(39) in such a way that pulses of the third seed ra-
diation (37) and the third pump radiation (8) overlap
in time and space satisfying conditions of non-col-
linear phase matching,

signal wave radiation amplified in the third nonlinear
crystal (5) is directed into a pulse compressor (41)
designed to form femtosecond output pulses with
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duration from 5fs to 100fs.

Laser source according to claim 7, characterized in
that

said quantum amplifier (2) comprises one or more
Nd-doped solid-state laser amplifiers, wherein at
least one of said Nd-doped solid-state laser ampilifi-
ers is regenerative amplifier,

resulting in an energy of pulses at the output of said
quantum amplifier (2) within a range between 100.J
and 100mJ,

while energy of the femtosecond output pulses (42)
generated in the last OPA stage (42) is from 10nJ
to 10mJ.

Laser source according to any one of claims 5-8,
characterized in that

said primary laser source (1) of ultrashort radiation
is Yb-based laser designed to irradiate a spectral
line overlapping an emission peak of Nd-doped ac-
tive media.

Laser source according to claim 9, characterized in
that

said Yb-based laser is a fiber laser based on Yb-
doped single-mode optical fiber, while the quantum
amplifier (2) is based on Nd:YAG, Nd:YVO, or
Nd:YLF active medium.

Laser source according to any one of claims 5-10,
characterized in that energy of said ultrashort ra-
diation (11) of the primary laser source (1) does not
exceed 100pJ in energy and said radiation condi-
tioning system (15) comprises a preamplifier (16),
destined to increase energy of pulses in radiation
(11) up to (1+10)nJ, also an additional optical ele-
ment (17) in which self-phase modulation of pulses
occurs.

Laser source according to any one of claims 5-10,
characterized in that energy of said ultrashort ra-
diation (11) of the primary laser source (1) is in the
(1+10)nJ range.

Laser source according to any one of claims 5-12,
characterized in thatthe radiation conditioning sys-
tem (15) is based on single-mode optical fibers.

Laser source according to any one of claims 5-13,
characterized in that said white light generator (6)
is a plate of sapphire or YAG.

Laser source according to any one of claims 5-14,
characterized in that pulse duration of radiation
(26) obtained at the output of said pulse compressor
(25), placed downstream the first nonlinear crystal
(3), is within a range from 100fs to 200fs.
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